Objective: Group B Streptococcus is the most common cause of bacterial infection in the newborn. Our aim was to purify and identify molecules produced by the bacterium, which cause pulmonary hypertension.
Introduction
Group B Streptococcus (GBS) is the most frequent cause of sepsis and meningitis in the human newborn. 1 Despite prompt treatment with antibiotics, neonates with early-onset GBS infection are often quite ill and the fatality rate is 5%. 2 Respiratory distress, a prominent sign in these babies, may be caused by persistent pulmonary hypertension of the newborn, which is induced by the GBS infection. 3 The pulmonary hypertension reflects an increase in pulmonary vascular resistance, which impairs exchange of oxygen and carbon dioxide. Infusion of live or heat-killed GBS into sheep promptly induces pulmonary hypertension, with little or no effect on systemic pressure. 4 This response has been reproduced by many investigators, who also established that the pulmonary hypertension is not a consequence of simple embolization because infusion of latex beads of the same size as GBS caused no change in pulmonary physiology. 5 The hypertension is mediated by an increase in thromboxane A 2 , so that treatment with cyclooxygenase inhibitors such as indomethacin or with thromboxane synthesis inhibitors prevents or reverses the increase in pulmonary arterial pressure. 5, 6 However, the components of GBS that activate thromboxane synthesis had not been clearly defined. Guided by bioassays performed in neonatal lambs, 7 we undertook the purification and identification of these components using standard biochemical techniques. Our methodology and results have been reported. 8 We review and discuss them in this paper.
Results

Purification and identification of the active components
Although our initial purification scheme was lengthy with many steps, once the chemical nature of the bioactive material was elucidated, we were able to develop a much simpler scheme ( Figure 1 ). Biologically active material was extracted from GBS by adding a mixture of chloroform and methanol, and two components were purified by anion exchange. The mass spectrum of the two active fractions established that they were phosphatidylglycerol and cardiolipin (Figures 2a and b) . Each caused pulmonary hypertension in the lamb assay. The structure of the most prominent peak in the cardiolipin mass spectrum was established to be dipalmitoyl, dioleoyl cardiolipin by fragmentation in the mass spectrometer. The mass expected from the structure of this cardiolipin is 1405 Da, equal to the experimentally measured value. The largest peak in the phosphatidylglycerol spectrum is palmitoyl, oleoyl phosphatidylglycerol, with the calculated and observed masses being 748.5 Da. The other peaks in the mass spectra are from phospholipids with fatty acids of different chain lengths. The observed distribution of fatty acids matches that expected for GBS.
Synthetic phospholipids are biologically active
To assure that these phospholipids were the bioactive material rather than some other, minor component of the preparation, we tested pure, synthetic compounds using the dioleoyl species. Both phosphatidylglycerol and cardiolipin triggered an increase in pulmonary arterial pressure within minutes of infusion into the femoral vein of lambs or neonatal piglets, but diacylglycerol and phosphatiditic acid were not active (Table 1) .
Although both phosphatidylglycerol and cardiolipin were bioactive, the increase in pulmonary arterial blood pressure was more reproducible with cardiolipin, perhaps because of the ease of rehydrating the dried preparations to form liposomes. We therefore used cardiolipin for subsequent studies. As mentioned, GBS infusion is known to induce pulmonary hypertension by stimulating the production of thromboxane A 2 , and we found that the increase in pulmonary arterial pressure closely tracks that of the plasma thromboxane concentrations (Figure 3a) . We established that synthetic cardiolipin has the same activity ( Figure 3b ). The dose-response curve shows half-maximal response at B10 nmol kg À1 (Figure 3c ).
Effect of apolipoprotein H
Apolipoprotein H is the major phospholipid binding protein in plasma, with particular affinity for cardiolipin. 10 The concentration of apolipoprotein H in adult serum is 170 mg l À1 , 11 and we found similar concentrations in the neonatal lamb and piglet as well as fetal calf serum. Infusion of apolipoprotein H should bind circulating bacterial phosphatidylglycerol or cardiolipin, but the rate of binding may not be fast enough to prevent unliganded phospholipid from reaching the pulmonary circulation. 12 Binding could inhibit the hypertensive effect, or it could promote the hypertensive effect as apolipoprotein H binds to endothelial cells. 13 We therefore tested the effect of cardiolipin, which was mixed with an equimolar concentration of purified apolipoprotein H and allowed to stand overnight before testing, ensuring that the binding reaction had gone to completion. 12 The peak hypertensive effect and increase in plasma thromboxane were equivalent to those of Figure 3 ). Thus, circulating apolipoprotein H appears sufficient to rapidly bind all of the infused cardiolipin, and the bound form is bioactive. We conclude that apolipoprotein H is unlikely to be useful in treating GBS-induced pulmonary hypertension.
Inhibition of cyclooxygenase prevents pulmonary hypertension
Cyclooxygenase inhibitors such as indomethacin consistently block thromboxane synthesis and the pulmonary hypertensive effect of infused GBS in animals. 6, [14] [15] [16] [17] If the bacterial phospholipid is the bioactive molecule of GBS, then indomethacin should also prevent the pulmonary hypertensive response to cardiolipin. Administration of a single dose of 0.2 mg kg À1 indomethacin prevented the increase in pulmonary arterial blood pressure caused by either GBS or cardiolipin (Figure 4) . We then determined whether indomethacin could reverse persistent pulmonary hypertension caused by cardiolipin. A continuous infusion of cardiolipin clamped the pulmonary arterial blood pressure at an increased level ( Figure 5 ). Treatment with indomethacin lowered the pressure, bringing it close to the control basal level even though the cardiolipin infusion was continued. Increasing the infusion rate or even administering a bolus of more than 100 nmol kg À1 , cardiolipin did not increase the pulmonary arterial pressure.
Discussion
The key finding in our study is that bacterial phospholipids cause pulmonary hypertension. Phosphatidylglycerol and cardiolipin are the dominant phospholipids of GBS, 18, 19 located mainly in the cell wall, although their topography has not been established. As infusion of intact, heat-killed GBS cells induces the pulmonary hypertensive effect, some of the molecules are presumably surface exposed and available for binding to pulmonary endothelial cell receptors. The same quantitative responses in pulmonary arterial pressure and thromboxane were observed when we infused 75 nmol cardiolipin pre-incubated with 75 nmol purified human apolipoprotein H. 10 (c) Cardiolipin dose response. Doses were injected in a randomized order into a 5 kg lamb, and the line was fit by linear regression of a double reciprocal plot. The blue circle was the response in a different lamb to cardiolipin purified from GBS. Cardiolipin liposomes prepared by simple rehydration are multilamellar, but because a liposome size effect has been observed by some investigators, 35 we also prepared unilamellar liposomes with diameters ranging from 0.1 to 5.0 m; all were active. Figure 4 Cyclooxygenase inhibition blocks the effect of bolus injection of GBS (3 Â 10 9 heat-killed cells) or of cardiolipin (100 nmol). After demonstrating responsiveness to GBS and cardiolipin, 0.2 mg kg À1 indomethacin was administered over 10 min. The lamb was then challenged again with GBS followed by cardiolipin. Pulmonary artery pressure at time 0 was 24 mm.
In bacteria, both phosphatidylglycerol and cardiolipin synthesis require phosphatidylglycerol synthase. Mutants lacking this enzyme will be useful in identifying any other GBS components capable of inducing pulmonary hypertension. 20 One such known molecule is CM101, an extracellular polysaccharide produced by GBS, which is capable of inducing pulmonary hypertension. However, it was present only in the culture media and not in the GBS cells. 21 Indomethacin is available for intravenous administration in the newborn to induce closure of a patent ductus arteriosus. It has not yet been studied as a treatment for pulmonary hypertension. Given that it prevents the acute pulmonary hypertensive effect of cardiolipin, one should consider further studying its efficacy in animal models. Attention to the dosage regimen may be useful because Nogel et al. 22 reported that a single dose of indomethacin administered 2 h after infusion of GBS in piglets did not prevent death of the animals at 12-16 h, although it did lower the pulmonary artery pressure in the 2 h following administration. Identification of the receptors and pathways that are activated by phosphatidylglycerol and cardiolipin may help identify specific targets for therapeutic interventions.
Many bacteria, especially the Streptococci, normally secrete some of the phospholipids that they synthesize. In log phase this is 15% of the total synthesized, increasing to 30% during stationary phase. 23 Thus, patients infected with GBS 24 may receive an endogenous infusion of the phospholipids capable of inducing pulmonary hypertension.
As GBS is sensitive to the penicillin class of antibiotics, neonates suspected of having sepsis usually receive such antibiotics. However, exposure of certain Streptococci to cell-wall synthesis inhibitors such as penicillin induces a prompt secretion of phospholipids, without lysis of the cells (Figure 6 ). 23, [25] [26] [27] Then, over the next several hours, the antibiotic actually induces an increase in lipid synthesis, all of which is excreted. 28 This might also occur with other Gram-positive and Gram-negative infections in patients of any age because excretion of phospholipids, including cardiolipin, is a common response of bacteria to certain antibiotics. 23,24,26,27,29 -33 Lipid excretion by Streptococci species may increase 15-fold, with over half of the material excreted being phosphatidylglycerol and cardiolipin. 27 Thus, antibiotic treatment effects an increase in production and excretion of the molecules, which we showed cause pulmonary hypertension. Whether this actually occurs in a laboring patient given peripartum antibiotics or in an infected neonate treated with antibiotics is at present a matter of speculation. Similarly, given that the phospholipids of GBS can cause pulmonary hypertension, one might wonder whether milder forms of respiratory distress in the newborn are mediated by this mechanism. These issues are being investigated in ongoing studies being conducted by investigators in the Section on Bacterial Disease, Pathogenesis and Immunity of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (Protocol 08-CH-N069). 34 
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